Abstract. Protein tyrosine kinase 7 (PTK7) is a catalytically inactive receptor tyrosine kinase that is also known as colon carcinoma kinase-4 (CCK-4). Recent reports have shown that PTK7 plays an important role in carcinogenesis, and it is known to be upregulated in gastric, colon and esophageal cancer, as well as in liposarcoma. However, the role of PTK7 in lung cancer has not been investigated. The aim of the present study was to investigate the expression levels and the role of PTK7 in lung cancer. We found that PTK7 expression was downregulated at the mRNA as well as protein levels in human lung squamous cell carcinoma (LSCC). Upon investigation of the functional role of PTK7 in LSCC, we found that overexpression of PTK7 in LSCC cells resulted in inhibition of cell proliferation, invasion and migration. Furthermore, we confirmed that these phenotypic changes are associated with the inactivation of AKT and ERK. Our findings suggest that PTK7 has different oncogenic roles in organs and target tumors.
Introduction
Lung cancer is the leading cause of cancer-related mortality worldwide (1) . The prognosis of lung cancer patients is poor despite the development of several new therapeutic modalities, and this may be attributed to the difficulties associated with the detection of lung cancer in its early stages. Therefore, new approaches and alternative diagnostic modalities are urgently needed.
Squamous cell carcinoma (SCC) of the lung, a major type of non-small cell lung carcinoma (NSCLC), is more strongly linked with smoking than other forms of NSCLC (2, 3) . The genes responsible for lung SCC (LSCC) have been identified, but the molecular origins of LSCC remain unclear. In our studies on the mechanism of tumorigenesis in LSCC, we focused on protein tyrosine kinase 7 (PTK7), which has been previously reported to play a key role in carcinogenesis (4) (5) (6) (7) (8) .
PTK7, also known as colon carcinoma kinase-4 (CCK-4), is a catalytically inactive receptor tyrosine kinase, cloned from colon carcinoma tissue (4) . It is composed of a transmembrane region, seven immunoglobulin domains, and a C-terminal domain that shows homology to tyrosine kinases.
PTK7 expression has been shown to be high in several tumors, including gastric, colon, esophageal cancer, and liposarcoma (4-7). PTK7 knockdown is known to inhibit proliferation of liposarcoma cells, esophageal cancer cells, and colon cancer cells, and silencing of PTK7 in colon cancer cells induces caspase-10-dependent apoptosis via the mitochondrial pathway (6) (7) (8) . These studies suggested the probability of an oncogenic role of PTK7 in gastric, colon and esophageal cancer, as well as in liposarcoma. However, PTK7 has been reported to be downregulated in clear cell renal cell carcinoma, metastatic melanoma and breast cancer cell lines (9) (10) (11) .
Taken together, these previous findings suggested that PTK7 could exert dual effects (upregulation or downregulation), depending on specific tissues or tumors, although the exact mechanism is unknown. In this study, we attempted to explore the role of PTK7 in lung cancer. were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin and streptomycin. SK-MES-1 and WI-38 cells were maintained in EMEM medium supplemented with 10% FBS and 100 U/ml penicillin and streptomycin. SW900 and Calu-1 cells were maintained in L-15 and McCoy's 5A media supplemented with 10% FBS and 100 U/ml penicillin and streptomycin, respectively. All cells were cultured at 37˚C in the presence of 5% CO 2 .
Materials and methods

Recruitment
Transfection. Cells were transfected with 2 µg of pcDNA3 (Invitrogen, Carlsbad, CA, USA) and pcDNA3-PTK7-Flag (12) by using FuGENE HD reagents (Promega, Madison, WI, USA) according to the manufacturer's instructions.
RNA isolation and RT-PCR.
Total RNA was isolated from frozen lung samples (SCC and normal lung tissues) and cell lines using an RNeasy Mini Kit (Qiagen, Cambridge, MA, USA) according to the manufacturer's protocol. Single-stranded cDNA was produced by reverse-transcription of total RNA (2 µg) by using an oligo-dT primer and Superscript II reverse transcriptase (Invitrogen). RT-PCR was performed (13) with the following sets of synthesized primers: PTK7 forward, 5'-AGAGATGCCCCATGGTGGGC-3' and reverse, 5'-ACGG CTTGCTGTCCACGGTG-3'. GAPDH-specific primers were used as internal controls.
Cell proliferation assay. Cell growth was determined by the MTS assay using the CellTiter 96 ® Aqueous One Solution Cell Proliferation Assay kit (Promega). Cells (2x10 3 /well) were seeded in 96-well plates after transfection. After incubation for 24, 48, 72 and 96 h, 20 µl of MTS solution was added to each well. Plates were incubated for an additional 1-2 h at 37˚C in a 5% CO 2 environment, and then the absorbance at 490 nm was recorded using a microplate reader (Biotek, Winooski, VT, USA) to calculate the percentage of surviving cells.
Migration and invasion assay. Cells (5x10 5 /well) were seeded in a 24-well plate and incubated with fresh medium. After overnight incubation, a wound was introduced by scraping the monolayer with a 0.2-ml micropipette tip. The attached cells were washed twice with PBS to remove debris, incubated for 48 h in RPMI-1640 supplemented with 10% FBS, and observed by light microscopy. The invasion assay was performed using BioCot TM Matrigel TM invasion chamber (8 µm, 24-well; BD Biosciences, Franklin Lakes, NJ, USA). Cells were starved in serum-free medium overnight, trypsinized. Then, cells were suspended in FBS-free RPMI-1640 (2x10 3 cells) and were seeded into the upper compartment of the chamber, and 600 µl of RPMI-1640 containing 10% FBS was placed in the lower chamber. After incubation for 24 h or 48 h at 37˚C in a 5% CO 2 , the cells remaining in the upper compartment of the chamber were removed. Cells on the lower surface of the chamber were fixed using 4% paraformaldehyde and stained with 0.5% crystal violet.
Western blot analysis. Proteins from frozen tissues and cell lines were extracted using RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA) containing protease inhibitors (Roche, Basel, Switzerland). Lysates containing the same amounts of protein were separated on 10% SDS-polyacrylamide gels and transferred onto nitrocellulose or PVDF membranes. Western blotting was performed as previously described (14) using the following antibodies: anti-phospho-ERK, anti-ERK, and anti-β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-phospho-AKT (Ser473), and anti-AKT (Cell Signaling Technology, Beverly, MA, USA) primary antibodies and horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). Rabbit anti-PTK7 anti-serum, which recognizes both human and murine PTK7, was used as previously described (13) . The immune reactions were visualized using Immobilon Western Chemiluminescent HRP Substrate (Millipore, Bedford, MA, USA) and a LAS-3000 imaging system (Fuji, Tokyo, Japan).
Statistical analysis. Each experiment was performed at least three times. All values are reported as mean ± SD. Differences between experimental groups and controls were assessed by Tukey's test using SigmaStat (SPSS, Inc., Chicago, IL, USA). The level of statistical significance was set at P<0.05.
Results
Low expression of PTK7 in LSCC patient samples and LSCC cell lines.
The expression of PTK7 in LSCC tissues was low at the mRNA level in 11/12 samples and at the protein level in 8/10 samples (Fig. 1) . The LSCC cell lines also showed a significantly lower expression of PTK7 than the normal lung cell line WI-38 (Fig. 2) . These results showed that PTK7 is downregulated in both LSCC tissues and LSCC cell lines.
Overexpression of PTK7 in transfected LSCC cells inhibits cell proliferation, wound healing and invasion.
To confirm the biological role of PTK7 in LSCC, we transfected the LSCC cell lines HCC-95 and HCC-1588 with a PTK7-expression vector pcDNA3-PTK7-flag and with an empty vector pcDNA3. The results of the western blot analysis of the cell lines transfected with the PTK7-expression vector showed overexpression of PTK7 (Fig. 3A) . The effect of this PTK7 overexpression on the proliferation of LSCC cells was evaluated by the MTS assay. The results of the MTS assay showed that the proliferation of cells transfected with the PTK7-expression vector was significantly less than that of cells transfected with the empty vector (P<0.05; Fig. 3B ). We then investigated the role of PTK7 in wound healing and invasion of HCC-95 and HCC-1588 cells. In the wound healing assay, control cells repaired the wound in 48 h, whereas the PTK7-overexpressing cells showed significantly delayed wound repair (Fig. 3C) . The invasive potential of the PTK7-overexpressing HCC-95 and HCC-1588 cells was 73% lower than that of control cells (Fig. 3D) . The effect of PTK7 overexpression on LSCC cell growth was also assessed by the colony formation assay; however, both control and PTK7-overexpressing cells showed similar growth rates (data not shown).
Overexpression of PTK7 inhibits the activation of ERK and AKT in LSCC cells.
We conducted a microarray analysis to investigate genetic alterations in PTK7-overexpressed LSCC cell lines. Results of this analysis revealed mutations in the genes coding for AKT and ERK, p38, and JNK-enzymes involved in the mitogen activated protein kinase (MAPK) pathways (data not shown). This finding led us to consider that these pathways likely act together to regulate PTK7-influenced cell proliferation, invasion and migration. Therefore, we investigated the activation of AKT and MAPKs in PTK7-overexpressed LSCC cells. In both HCC-95 and HCC-1588 cells, PTK7 overexpression decreased the phosphorylation levels of AKT and ERK (Fig. 4) . However, activation of JNK and p38 were found to be similar in control as well as in PTK7 overexpressing cells (data not shown). These results suggest that PTK7 effectively modulates signaling pathways involving AKT and ERK, which are important determinants of cell proliferation, migration and invasion in LSCC cells.
Discussion
Several studies have reported the increase in PTK7 expression in gastric cancer, colon cancer, liposarcoma and esophageal cancer (4-7). We have also previously reported a correlation between high expression of PTK7 and poor prognosis in esophageal cancer and that knockdown of PTK7 in esophageal cancer cells inhibits cell proliferation, survival, invasion and migration through inhibition of AKT, ERK, FAK, JNK, and p38 MAPK (6) . In addition, suppression of PTK7 has been shown to inhibit cell proliferation and to induce apoptosis via the mitochondria pathway in colon cancer cells (8) . These results suggest that PTK could be regarded as an oncogene (5) (6) (7) (8) .
On the other hand, PTK7 has been shown to be downregulated in several types of cancer, including clear cell renal cell carcinoma, metastatic melanoma and pulmonary adenocarcinoma (9,10,15). Easty et al (10) explored the probable correlation between loss of PTK7 expression in melanoma cells and tumorigenicity. In addition, Endoh et al (15) and Garber et al (16) reported that decreased expression of PTK7 is correlated with poor clinical outcome. These findings suggested that PTK7 expression may be upregulated or down- regulated, depending on the organ and tumor and that disease prognosis would differ according to the rate of PTK7 expression. However, expression of PTK7 and its role as a tumor suppressor in LSCC have not been studied.
In the current study, we showed that PTK7 expression is downregulated by approximately >80% in tumor cells from tissue samples from LSCC patients in comparison to that observed in normal tissues (control) at both mRNA and protein levels. PTK7 expression was also low at both levels in the LSCC cell lines. Based on these results, we sought to link PTK7 expression to tumor suppression in LSCC. In the present study, we found that PTK7 overexpression decreases the proliferation and inhibits wound healing and invasion of HCC-95 and HCC-1588 LSCC cells, although no significant difference in growth was observed between control and PTK7-overexpressing cells. Moreover, we found that overexpression of PTK7 decreased the phosphorylation of AKT and ERK in LSCC cells. AKT and MAPK are important signaling cascades involved in cell proliferation, tumor invasion and migration (17) (18) (19) (20) . Therefore, we suggest that PTK7 may be involved in tumor and metastasis repression in LSCC, particularly through inactivation of AKT and MAPK, which promote proliferation, invasion and migration.
In conclusion, our results show that PTK7 is downregulated in clinical samples of LSCC and that it plays a tumor suppressor role (via the AKT and MAPK pathways) in LSCC cells. However, further studies are required to elucidate the tissue and organ-specific differences in the oncogenic patterns of PTK7 and to determine their clinical significance in LSCC. 
